Polarizing effects of productive dendritic cell (DC)-T cell interactions on DC cytoskeleton have been known in some detail, but the effects on DC membrane have been studied to a lesser extent.
Introduction
Dendritic cells (DCs) are sentinels of immunity as they respond to environmental cues resulting in antigen uptake and processing and stimulation of antigen specific T cells 1, 2 . In addition, DCs activate the cells of innate immunity, e.g., NK cells, NKT cells, and neutrophils 3 . Langerhans cells--the DCs predominantly located in the skin--were originally discovered because of their unique morphology of large neuron-like dendrites. These cells were recognized for their myeloid origin, role in lymphocyte activation [4] [5] [6] [7] [8] and characteristic translucent membrane veils 5, 9 . Similar to Langerhans cell in situ, DCs matured from monocytes in vitro display analogous membrane veils 5, 9 .
T cells are activated through cell-cell contact and by soluble molecules. Early response to cell-cell contact includes the formation of a large macromolecular membrane assembly-the immunological synapse 10, 11 --and the consequent cell polarization 12, 13 . The initial idea that immunological synapses mediate T cell activation has been challenged by the finding that T cell receptor (TCR)-mediated signaling precedes or is independent of synapse formation [14] [15] [16] [17] .
Consequently, the full function of the synapse has been modified to include directed cytokine secretion, enhanced secondary signals, or internalization of TCRs [18] [19] [20] . Most studies of the synapse have focused on those formed between T cells and B cells [21] [22] [23] [24] [25] ; consequently, the synapse between T cells and DCs has been studied to a much lesser extent. In contrast to the unifocal T cell-B cell synapse, the structure of the DC-T cell interaction site, studied mostly in murine cells, appears "immature" or "multifocal," containing numerous segregated microdomains 26 . Microdomain segregation could be important for the physical separation of ligands and receptors in the membrane plane; such separation appears essential in preventing the cis-acting inhibition such as that observed within the Notch family ligands and receptors during DC-T cell interaction 27 . In addition, recent evidence suggests that mechanical TCR entrapment into segregated microdomains of the synapse is required for optimal T cell activation 28 . Even though changes in membrane structure have been implicated in the formation of multifocal synapses 29 , no available model of membrane organization explains how segregation develops
For personal use only. on August 31, 2017. by guest www.bloodjournal.org From and is maintained. The multifocal character of the synapse, the requirement for active membrane segregation, the formation of the DC-T cell synapse even in the absence of antigen 30 and the unique DC role in immunity prompted us to investigate the changes in membrane structure in the course of interactions of human DCs with human T cells.
Materials and Methods

Cell isolation and culture
Cells were obtained from the blood of normal healthy donors at Mayo Clinic Division of Transfusion Medicine according to institutional guidelines and informed consent in accordance with the Declaration of Helsinki. Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats or from apheresis leukoreduction system chambers 31 by buoyant density separation using Lymphoprep separation medium (ICN, Aurora, OH) according to manufacturer's instructions. Cells were counted, assayed for viability by trypan-blue exclusion and isolated by CD14-specific immunoadsorption (CD14-specfic microbeads, Miltenyi Biotec, Auburn, CA). All cytokines were from R&D Systems (Minneapolis, MN) except GM-CSF that was from Berlex Laboratories (Richmond, CA). DCs were cultured according to a commonly used DC generation protocol 32 with minor modifications. Briefly, CD14 + cells were plated at 2×10 6 per mL of X-VIVO 15 medium (Cambrex, Walkersville, MD) containing 1.0 percent human AB serum (Sigma, St Louis, MO), GM-CSF (800 IU/mL), IL-4 (1000 IU/mL), penicillin (100 U/mL) and streptomycin (100 mg/mL) for five days. Non-adherent cells were collected, counted and resuspended at 1×10 6 cells/mL in the fresh maturation medium (as above, with the addition of 1100 IU/mL TNF-α, and 1.0 mg/mL prostaglandin E 2 [Sigma]). After two days the non-adherent mature DCs were collected, counted and used in experiments. These cells expressed CD54, HLA Class I and Class II molecules and more than 85 percent of cells expressed CD80 and CD83 33, 34 .
T cells were isolated by negative immunoadsorption (Pan T cell kit, Miltenyi Biotec), pooled from seven or more normal donors and cryopreserved until use. Thawed T cells were Influenza-specific CD8 + T cells were expanded by three one-week incubations at ratios of one vaccine-loaded DC per five T cells. To the second and third incubations we added IL-2 (25 U/mL) and IL-7 (10 ng/mL). Influenza-specific CD4 + T cells were expanded similarly except that the DC:T cell ratio was 1:10 and IL-6 (1000 U/mL) and IL-12 (10 ng/mL) were included for the first week followed by the change of medium and addition of IL-2 (20 U/mL) and IL-7 (2.0 ng/mL). Antigen specificity of expanded cells was assayed by quantifying IFN-γ release by ELISpot assay (eBioscience, San Diego, CA; data not shown).
Sample preparation for microscopy
For confocal microscopy live cells were stained with the near-red-emitting fluorescent membrane dye dioctadecyl tetramethylindocarbocyanine perchlorate (DiI), far-red-emitting dioctadecyl tetramethyldindocarbocyanine perchlorate (DiD; in the images below, DiD fluorescence has been pseudocolored blue for easier visualization) or green-emitting cytoplasmic dye 5-chloromethylfluorescein diacetate (CMFDA; all Invitrogen, Carlsbad, CA). T cells (1.0×10 6 /mL) in phenol-red free X-VIVO 15 medium were incubated with DiI or DiD at the final dye concentration of 2.0 μM at 37 °C for 10 min and washed twice with phenol-red free X-VIVO 15 for five min. CMFDA was added to the medium to the final concentration of 5.0 μM.
HLA-DR molecules, CD54 molecules and CD80 molecules were stained by fluorescently 
Microscopy
Confocal and differential interference contrast (DIC) images were obtained by a Zeiss 510 confocal microscopy system (Zeiss, Oberkochen, Germany) with a 40×/1.4 N.A. objective (unless noted otherwise) with excitation at 488 nm and 568 nm from an ArKr laser and at 633 nm from a HeNe laser. Live cells were incubated in phenol-red-free X-VIVO 15 medium supplemented with 1.0 percent human serum albumin in an atmosphere of 5.0 percent CO 2 at 37 °C. We recorded the images at the rate of one scan per minute and reconstructed video clips at 15 frames per second. SEM images were acquired by a Hitachi S-4700 FE-SEM (Hitachi, Schaumburg, IL) at the accelerating voltage of 5kV, emission current of 9 to 11 µA, and a working distance of 9 to 12 mm. For TEM images we used a JEOL 1200 EXII electron microscope (JEOL, Tokyo, Japan) operating at 60 kV.
Image processing
We processed images by Adobe Photoshop software (Adobe Systems, San Jose, CA). First we maximized the tonal range of each RGB image by setting the darkest pixels to black (intensity level: 0) and the lightest pixels to white (intensity level: 255). Background noise was determined as the average signal level in areas outside cells and was subtracted from the overall output.
Fluorescence of monoclonal antibody specific for CD83 (a molecule rather evenly distributed on the DC surface) conjugated to the fluorophore used in the particular experiment was used to distinguish specific fluorescence from autofluorescence. The images were no further processed.
Time-resolved images were collected into video format with Metamorph software (Molecular Devices, Sunnyvale, CA). 
Results
Dendritic cell membrane forms veils and bundles of microvilli
Typical monocyte-derived DCs are characterized by thin flexible membrane extensions known as veils 5, 9 . The DIC image of a typical human in vitro matured myeloid DC reveals the veils ( Figure 1A ) replete with cytoplasm ( Figure 1B ). The resolution of DIC microscopy limits the appearance of these structures to the long thin extensions or blurred flattened protrusions of the membrane. To overcome these limitations, we used confocal microscopy and scanning electron microscopy (SEM) for a more detailed characterization of the DC membrane. High-resolution SEM images ( Figures 1C,D) show more membrane detail and allow measurements of particular membrane features. For example, from the measurements of 76 veils on 14 typical mature DCs, we calculated the average veil thickness of 130±30 nm and an outer edge to cell surface length of 4.0±1.4 µm (arrowheads, Figure 1C ). The length measured in fixed cells is comparable to the length assessed in live cells by light microscopy ( Figures 1A,B) . DCs studied in ten independent SEM experiments we observed veiled DCs without the microvilli, but never identified a DC exhibiting the microvilli but not veils. Usually a single bundle was found on any DC and it was mostly positioned at the narrow end of the egg-shaped DC.
T cell presence increases DC polarity
To 
DCs capture T cells by veils, but retain them at the microvilli
To investigate the role of the veils and microvilli in DC contacts with other cells, we monitored Figure 3A) . In the absence of T cells, the veils made only transient contact with other DCs (Supplementary Video 1) . Similarly, the veils mediated initial contacts with T cells that lasted up to 30 min before the T cell either left the DC ( Figure 3B ) or was attracted closer to DC body ( Figures 3C; Supplementary Video 2) .
To characterize the site of T cell retention, we incubated DCs with T cells at a 1:3 ratio for four hours prior to fixation. We analyzed SEM images of 200 DC-T cell complexes. In fortyseven complexes the binding region of both cells was visible (i.e., the contact plane was sufficiently aligned with the direction of viewing); in thirty-nine of these cases (82 percent) the cells interacted exclusively by the microvilli (Figure 4A ), while other images were inconclusive (microvilli could not be seen). Inspection of TEM images confirmed the presence of villous structures in the space between the interacting DCs and T cells ( Figure 4B ).
The role of actin in DC-T cell interactions has been extensively documented 38, 39 , but its role in the maintenance of DC shape is not equally understood. Therefore, we sought to determine the distribution of cytoskeletal actin and of the actin-modulating VASP on DC membranes. VASP is of interest because it participates in anchoring T cell receptors to actin cytoskeleton 40 , maintains cytoskeletal actin at the leading edges of cell movement and at the sites of cell-cell focal adhesion interactions 41, 42 , and accumulates at the tips of filopodia during their formation 43 . As expected 38,39 , we found actin concentrated at the edges of DC veils and distally at the site of T cell binding ( Figure 4C ). We also found VASP expressed at the DC membrane, but concentrated proximally to the T cell binding site ( Figure 4D ). Such distribution of the two proteins is compatible with VASP association with actin and its accumulation at sites of the cellcell interaction.
T cells cluster at dendritic cell microvilli
Frequently a single DC bound multiple T cells. When two or more T cells were bound to a DC, T cells almost always clustered at the single microvilli bundle ( Figure 5A ). To determine the mode of T cell binding into the cluster (i.e., whether T cells bind to the same high-avidity DC site), we We found that 27.0±8.5 percent of DCs bound a single T cell (determined in a total of 1,070 DCs in three independent experiments; Figure 5C ). Based on this finding, we expect that Figure 5E ). When DCs and T were incubated together for more then four hours (the time frame of experiments in this work), T cell binding continued and eventually resulted in large cell aggregates (data not shown).
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The synapse between dendritic cells and T cells contains microdomains
When a T cell interacts with a B cell, antigen-presenting molecules and costimulatory molecules aggregate and organize into the planar immunological synapse 11, 25 . Figure 2) .
To compare the organization of membrane molecules at synapses that T cells form with
DCs or B cells, we analyzed the three-dimensional distribution of the TCR and CD28 molecules at the DC-T cell interaction site and compared it to the distribution at the B cell-T cell site under conditions leading to the formation of stable pSMACs 25 . We optically sectioned the cell-cell interaction sites and reconstructed their images in three dimensions; Figure 6 shows the distribution of the TCR and CD28 molecules in the plane of the cell-cell interaction surface (X-Z) and the plane perpendicular to that surface (X-Y) in the B cell-T cell synapse and DC-T cell synapse. As expected, the B cell-T cell synapse was typical in the concentration of T-cell membrane molecules TCR and CD28 within the cSMAC 11, 25 . However, within the DC-T cell interaction site, TCR and CD28 molecules were distributed as punctuate aggregates within a larger and deeper space than in the B cell-T cell synapse. Thus, the DC-T cell punctuate synapse appears consistent with the presence of microdomains within the binding site. Figure 7A shows that under the conditions otherwise favoring the formation of the planar concentric immune synapse, the molecules were not segregated into a cSMAC (HLA-DR) and a pSMAC (CD54). Rather, HLA-DR and CD54 molecules appeared as aggregates scattered across the synapse; aggregates could be less than 0.2 µm in diameter.
HLA-DR and CD54 form small, interspersed aggregates in the dendritic cell-T cell
For a more objective analysis of the distribution of HLA-DR and CD54 at the DC-T cell interaction site, we quantified the associated fluorescence intensity across the plane perpendicular to the cell-cell interaction surface of the section C3 in Figure 7A . Light intensity profiles of each optical section ( Figure 7B ) indicate no apparent pattern in the arrangement of molecules within the DC-T interaction site. This finding is in line with evidence that the DC immune synapse is apparently less ordered than the concentrically structured immune synapse observed at the interface of a T cell interacting with a B cell.
For
Discussion
This study demonstrates that DC veils "capture" T cells, that T cells migrate along the veils and that some T cells ultimately bind at the newly described DC microvilli. A previous study of DC morphology and polarization did not detect these structures 26 , possibly because it analyzed murine cells and probably because it employed TEM, a method less discernible of threedimensional features of membrane ultrastructure.
Here we routinely observed polarized DCs with microvilli located opposite to the veils.
Our data cannot resolve the mechanistic aspects of microvilli formation, but it is intriguing that microvilli can bind more than one T cell by a cooperative mechanism, i.e., that the binding of the first T cells increases the avidity for binding of the subsequent T cell. We hypothesize not only that DC membrane polarization accompanies DC cytoskeleton polarization in the course of the physical contact with T cells 38, 39, [47] [48] [49] [50] but also that polarization and/or significant changes (such as membrane ruffling) in DC membrane can take place prior to this contact. These changes are likely mediated by chemokines implicated in induction of cell polarization and in routing the CD8 + cell migration to CD4 + cells bound to DCs 51 . The appearance of bundled microvilli increases the surface area available for membrane-membrane contact and concentrates antigenpresenting, co-stimulatory, and adhesion molecules to densities required for productive T cell stimulation. Consequently, the immunological synapse between a DC and a T cell can involve a larger contact area than that of the synapse between a B cell and a T cell.
Molecules participating in antigen presentation and T cell costimulation aggregate at the site of DC-T cell contact, but they do not assume the concentric arrangement typical for the immunological synapse found at the B cell-T cell contact. This finding extends a previous Otherwise, DC can transfer information from previously encountered T helper cells to CTLs 44, 45 . For personal use only. on August 31, 2017. by guest www.bloodjournal.org From
